The red form of Tetranychus urticae Koch, the two-spotted spider mite, is known to cause damage to carnations. Previously, it was thought that the green form of the two-spotted spider mite did not damage carnations; however, in recent years, this has been rejected. Using two carnation breeding cultivars, Di-24 was damaged by the green form and Di-7 was not. The host plant acceptance, fecundity, survival rate and developmental time for the green form were investigated for each cultivar. The green form had high performance (host plant acceptance, fecundity, survival rate and developmental time) on Di-24 than on Di-7. The results of these experiments clearly show that a susceptible cultivar to the green form exists in carnations. The mechanism of host-range expansion of the green form may have involved changes to carnation cultivars.
INTRODUCTION
The two-spotted spider mite, Tetranychus urticae Koch, is a serious pest of many agricultural crops, and is distributed worldwide (Jeppson et al., 1975) . Two forms of this species, distinguished by a green or red body color, have been recognized. The two forms differ in host preference (van de Bund and Helle, 1960) ; thus, the red form was considered to be another species, T. cinnabarinus (Boisduval). However, since there are few morphological differences between T. urticae and T. cinnabarinus (Dosse and Boudreaux, 1963) , T. cinnabarinus has been recognized as being morphologically synonymous to T. urticae.
In the Netherlands, it was reported that carnations were not damaged by the green form (henceforth g-s), but were damaged by the red form (henceforth r-s) (van de Bund and Helle, 1960) . This pattern was previously recognized in Japan; however, Takafuji (1998) reported that damage to carnations by g-s has become more common in recent years. Why has g-s been found on carnations in recent years?
It is unknown whether the mechanism of hostrange expansion may have involved a change of g-s or carnation cultivars. In a previous report, only one cultivar was discussed (van de Bund and Helle, 1960) . The degree of host acceptance by spider mites differs with the cultivar in the chrysanthemum (Kondo et al., 1998) and strawberry (Ferrer et al., 1993) ; thus, carnation cultivars might also affect the degree of host acceptance of g-s. We preliminarily observed two cultivars in a greenhouse. Di-24 was heavily damaged by g-s and Di-7 was not damaged. To verify the existence of the susceptibility cultivar to g-s, we examined the effects of two carnation cultivars on the performance of g-s.
MATERIALS AND METHODS
Plants and spider mites. Carnations (a single petal type carnation: Dianthus sp.) were bred in Chikuma city, Nagano Prefecture, Japan and grown in a greenhouse of Nagano Vegetable and Ornamental Crops Experiment Station. Two cultivars with different degrees of susceptibility to g-s were visually selected based on damage in a greenhouse: Di-24 was heavily damaged by g-s whereas Di-7 was not. G-s were collected in Hokkaido Prefecture in Japan during the 1960s, and reared on kidney beans (Phaseolus vulgaris cv. nagauzuramame) by Kyoyu Agri Co. Ltd. Laboratory. Spider mite's acceptance of host plants. It seems reasonable to suppose that the feeding behavior of spider mites influences host plant acceptance (Yano et al., 1998) . Acceptance of host plants was assessed according to the methods of Yano et al. (1998) . The bioassay was carried out at 26°C, with relative humidity of 60-80%, under 14L:10D light conditions. Leaf tissues of 1 cm 2 were cut from carnations and kidney beans. The kidney bean leaf tissue was square, but that of carnation was not. Two leaf tissue samples were placed 5 cm apart on wet absorbent cotton in a plastic box (Fig.  1A) . A thin square plastic bar (0.2ϫ0.2ϫ6 cm) was placed as a bridge between the two leaf tissues. Five adult females were introduced onto test carnation leaf tissues using a small brush. Twenty replications were performed for each carnation cultivar (total of 100 spider mites). The numbers of spider mites established on the test carnation leaf tissues were counted 24 hours after introduction. The statistical difference between test samples was evaluated using Mann-Whitney's U-test.
Fecundity on host plants. Three-day-old adult females were introduced onto carnation leaf tissue (0.5 cm 2 ) and allowed to oviposit on it under the same conditions as above. To avoid food shortage, the carnation leaf tissues were replaced with fresh leaves 3 days after introduction. The numbers of eggs oviposited were counted at 24-h intervals over a 5-d period. One hundred replications were performed for each carnation cultivar. Fecundity was expressed as the mean number of eggs oviposited by 1 female over 1 d. The difference in mean values between the test samples was tested using Welch's t-test.
Developmental time and survival rate. About 10 adult females were introduced onto each cultivar leaf tissue and allowed to oviposit on each cultivar under the same conditions as above. Ten replications were performed for each carnation cultivar. Adult females were removed 24 h after introduction. Eggs were introduced individually to each carnation leaf tissue (0.25 cm 2 ). From hatching to adult emergence, these leaves were checked at 24-h intervals and the developmental stages were recorded. Dead and inactive mites were also recorded, and the total number of surviving mites was calculated for every growth stage. One hundred replications were performed for each carnation cultivar. Comparisons of the duration of the developmental period were made using MannWhitney's U-test, and of the survival rate using the log-rank test.
RESULTS

Spider mite's acceptance of host plants
Five adult females were introduced onto test carnation leaf tissues to investigate host plant acceptance. Twenty-four hours after introduction, the numbers of spider mites established on Di-24 and Di-7 leaf tissues were 3.0Ϯ0.2 and 1.1Ϯ0.3, respectively (Fig. 1B) . Thus, the number established on Di-24 was more than on Di-7 (Mann-Whitney's U-test, pϽ0.01). 
Fecundity on host plants
To investigate fecundity on carnation leaf tissues, the numbers of eggs oviposited were counted at 24-h intervals over a 5-d period. Fecundity was 4.0Ϯ0.1 on Di-24 and 1.3Ϯ0.1 on Di-7 (Table 1) . Thus, fecundity on Di-24 was more than on Di-7 (Welch's t-test, pϽ0.01).
Developmental time and survival rate
To investigate the developmental time and survival rate, the mites were checked daily from hatching to adult emergence. Developmental time of females and males on Di-24 was shorter than on Di-7 (Mann-Whitney's U-test, pϽ0.01) ( Table 1 ). The survival rate was 87.0% on Di-24 and 63.9% on Di-7 (log-rank test, pϽ0.01) ( Table 1 ) and was especially low for larva and protochrysalis stages on Di-7 compared to Di-24 (Fig. 2) .
DISCUSSION
There have been two hypotheses concerning carnations damaged by g-s in recent years. The first is that g-s can adapt to unsuitable host plants (Gould, 1979; Fry, 1989; Agrawal, 2000) , and the second is that some cultivars are susceptible to g-s. G-s used in this study was reared on kidney beans in a laboratory. Because g-s did not have an opportunity to adapt to carnations, we discussed the second hypothesis in this paper. Two cultivars were investigated for the performance of g-s. The results showed that the cultivar with higher host plant acceptance had more eggs, a shorter developmental time and higher survival rate. As a result, carnation cultivars may affect host use of g-s. In particular, it can be said that Di-24 is a susceptible cultivar to g-s.
In the Netherlands, r-s is known to cause damage to carnations, although this was previously thought not to occur because of low fecundity and survival rates from the egg to adult emergence (van de Bund and Helle, 1960) . In our results, two cultivars had higher survival rates than in the previous study ( Fig. 2; Table 1 ). Because the previous study only discussed one cultivar, other carnation cultivars might differ on the degree of host acceptance by g-s. Carnation breeders have not noted resistance to insect pests such as g-s, and they have been crossed repeatedly. Accordingly, it seemed that resistance to g-s was lost in the breeding process over time. The same phenomenon might occur in other carnation breeding lines throughout the world. In order to avoid breeding susceptible cultivars, it is necessary to establish a simple method (e.g., using DNA markers) for selecting resistant cultivars; however, it is very difficult to obtain information about the inheritable characteristics of resistance to g-s, because many cultivars have a very complicated breeding process. Carnation have been bred with genetic resources available worldwide, and interspecific hybrids of carnation can be easily bred (Hamilton and Walters, 1989) . Thus, to establish a method for selecting resistant cultivars, it is very important to clarify the mechanism of resistance to g-s.
To decrease the economic damage caused by g-s, resistance cultivars to g-s will be needed. We believe that we are now entering an era where cultivars with genetic pest insect resistance are required to decrease the economic damage caused by pest insects.
